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Graphene has been regarded as the next-generation carbon nanofiller for polymer nanocomposites. Owing to its 
superior physical properties, it produces a dramatic improvement in properties of polymers at very low filler loadings. 
In the past few years, toughening of polymers by graphene has been studied intensively. This article reviews the 
typical preparation methods of graphene and graphene/polymer nanocomposites. The authors summarize the 
enhancement effect, optimal filler loading and toughening mechanism for the polymer composites. Effects of some 
important factors including graphene content, thickness, sheet size, state and interfacial bonding with polymer chains 
have been addressed. Accordingly, the current challenges and future perspectives for the toughening of polymers by 
graphene are indicated.
1. Introduction
Due to the rapid development of nanoscience and nanotechnology 
in the past 20  years, improvement of polymer properties by 
nanofillers has become a vital topic in the field of material 
science.1–3 The polymer nanocomposites show enhanced properties 
by the incorporation of low amount of nanofillers such as carbon 
black (CB), carbon nanotubes (CNTs), graphene and nanoclay.4–7 
Due to the high surface to volume ratio and/or high aspect ratio, 
the nanofillers are more efficient than the traditional fillers in 
reinforcing polymers.8,9
Among the nanofillers, graphene is an atomically thick, 2D 
nanomaterial that is the strongest materials measured so far.10–12 It 
possesses extraordinarily high Young’s modulus,13 tensile strength,13 
aspect ratio,3 surface area,14 thermal conductivity15 and electrical 
conductivity.16 Since graphene was firstly achieved in 2004,17 
it has intensively attracted a great deal of interest in extensively 
exploring its applications. The superior properties of graphene also 
reflected in the graphene/polymer nanocomposites. It has been 
widely reported that the mechanical, thermal, electrical, gas-barrier 
and flame-retardant properties of polymer can be significantly 
improved by the addition of graphene.3,6,18–24 Its advantages 
over other nanofillers have been discussed.3,19,25–28 However, the 
reinforcing efficiency of graphene highly depends on the dispersion 
and distribution of graphene sheets in the polymer matrix.29 An 
optimized graphene–polymer interface is critical in the property 
transfer.30–32 Pristine graphene sheets are not compatible with 
organic polymers and have a great tendency to agglomerate in the 
matrix.3,33,34 To resolve this problem, functionalization of graphene 
is an essential step to achieve a molecular level dispersion.3,35 The 
functionalized graphene (FG) sheets could form strong interfacial 
bonding with polymer chains, which is favorable for load transfer, 
but it also confines the motion of interfacial polymer segments.36–38 
Thus, the enhancements in stiffness, tensile strength and hardness 
of polymer are frequently reported, while the elongation at break 
and ductility is always decreased.3,6,39 Toughness of polymer is 
extremely important in the critical structural applications and high-
performance areas such as automotive, aerospace and defence.9,40 
Enhancing the toughness of polymer has been a challenging issue, 
especially for thermosets that have highly cross-linked structure.9 
Traditional fillers, such as rubber particles, can improve the 
toughness, but they show negative impact on mechanical properties 
and manufacturability.38,41
In the past few years, toughening of polymers by graphene has been 
explored and reported in a few publications.25,29–32,38,42–55 According 
to the results, it is believed that the incorporation of FG can toughen 
polymers including both thermoplastics and thermosets, although 
the understanding of the mechanism is still insufficient. In this 
review, the authors try to focus on the recent development on the 
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toughening of polymers by graphene including their preparation, 
properties and mechanism. The authors also attempt to discuss the 
current challenges for the future development in this topic.
2. Preparation of graphene and FG
Graphene can be synthesized in a variety of typical methods 
including (a) chemical vapor deposition (CVD),56,57 (b) epitaxial 
growth on silicon carbide,58,59 (c) exfoliation of graphite60,61 and (d) 
chemical62,63 or thermal64,65 reduction of graphene derivatives, such 
as graphene oxide (GO). The first three methods can produce small 
quantities of high-quality and large-size graphene sheets, which 
are suitable for electronic applications. By contrast, chemical or 
thermal reduction of GO (RGO) is the most promising method for 
producing graphene sheets at large scale, which is necessary for 
composite applications.6 Chemically reduced GO can be produced 
by reducing colloidal GO using chemicals such as hydrazine,66 
dimethylhydrazine18 and hydroquinone.67 On the other hand, 
thermal exfoliation and RGO is another approach to generate 
modified graphene (m-GP) sheets without the need for dispersion 
in a solvent. Rapid heating up to high temperature facilitates the 
production of RGO. However, the RGO sheets from the thermal 
treatment are highly wrinkled.65
GO, which is the simplest FG, can be extracted from graphite 
oxide in water68 and organic solvents69,70 by sonication. The 
graphite oxide is typically prepared through oxidation of graphite 
by means of Brodie,71 Staudenmaier72 or Hummers’73 methods. 
This is a popular route to fabricate GO sheets for their application 
to polymer composites. Besides GO and RGO, FG also refers to 
graphene derivates with other functional groups including small 
molecules74,75 or polymer chains.76,77 Both covalent and non-
covalent functionalization methods have been established. In this 
review, the authors will discuss several preparation methods that 
have been utilized in some studies, where polymers are reported to 
be successfully toughened by graphene. Wang et al.49 prepared vinyl 
triethoxysilane–graphene (VTES-G) nanosheets by an efficient and 
novel method. First, GO was prepared based on Staudenmaier’s 
method. The VTES functionalization of GO was carried out 
from the hydrolysis of VTES and GO. Hydrazine solution and 
ammonia solution were then added for reduction. Layek et  al.50 
synthesized sulfonated graphene (SG) from GO, which was 
prepared by way of Hummers’ method. Three steps were shown 
in Figure 1 to present the SG preparation: (a) prereduction of GO 
using sodium borobydride; (b) sulfonation with the aryl diazonium 
salt of sulfanilic acid and (c) postreduction with hydrazine to 
completely remove epoxy functionality. Fang et al.55 used solvent-
mixing method to synthesize NH
2
-functionalized graphene 
(NH
2
-G) with the assistance of high-rate shear and ultrasonication. 4, 
4′-Methylene dianiline and 4, 4′-methylenebis(phenyl isocyanate) 
were utilized for the modification. The NH
2
-G was collected by 
centrifugation at 6000  rpm. In general, in order to enhance the 
compatibility and interaction between graphene and polymeric 
matrix, functionalization of graphene is always required for the 
fabrication of graphene/polymer nanocomposites. The choice of 
appropriate preparation method is very important, as the methods 
greatly affect the size, layer number and state of graphene or FG, 
which could influence the reinforcements for the final properties of 
nanocomposites.
3. Preparation of graphene/
polymer nanocomposites
The incorporation of graphene shows considerable enhancements 
in the properties of polymer that cannot normally be achieved using 
traditional fillers. The reported improvements are always obtained 
at very low loadings of graphene in the matrix.25,38 Moreover, the 
improvements strongly depend on the dispersion of graphene or 
graphene derivates in the polymer matrix.29 Unlike CNTs, which 
have an issue in disentanglement of bundles during dispersion, 
graphene sheets are relatively flat with less entangled structure. 
However, they have a great tendency to agglomerate or restack in 
the polymer matrix to reduce configurational entropy. Therefore, it 
is important to prepare the nanocomposites with suitable method, 
which is dependent on the type and chemistry of polymer matrix. 
Sonication and mechanical stirring can be introduced as assistance 
to improve the dispersion quality of graphene.
As discussed, GO can be steadily exfoliated in water or solvents 
by way of hydrogen-bonding interaction. It enables a molecular 
level mixing between graphene and soluble polymers including 
polystyrene,18 poly(methyl methacrylate),19 polyurethane,32 
low-density polyethylene (LDPE),49 poly(ethylene oxide)78 and 
poly(vinyl alcohol) (PVA).79 A good dispersion is always achieved 
through this method. However, solvent removal is a critical issue in 
some systems such as epoxy nanocomposites. Solvent mixing may 
not be practical for large-scale production in industry due to the 
cost, use of solvent and environmental issue. The most economic 
and scalable method for the preparation of graphene/polymer 
nanocomposites is melt compounding. Graphene or its derivates 
are mechanically mixed with polymers at elevated temperature. 
No solvent is required in this method. Melt compounding is a 
common method for preparing thermoplastic nanocomposites 
such as polycarbonate,23 nylon,47 poly(ethylene terephthalate)80 
and polypropylene.81 In situ polymerization is another efficient 
way to synthesize graphene/polymer nanocomposites, especially 
for thermoset matrix. Graphene is firstly blent and swollen in 
liquid monomer. Initiator or curing agent is then diffused for 
polymerization with assistance of heating or radiation. This method 
has been widely utilized in epoxy/graphene nanocomposites 
development.
4. Toughening of polymers by graphene
Toughness is an important property that describes the ability 
of a material to absorb energy and plastically deform without 
fracturing. For brittle materials such as thermosets, fracture 
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toughness, K
IC
 is always characterized to reveal the ability 
of a material containing a crack to resist fracture. To the best 
knowledge, there was no report on the toughness of graphene/
polymer nanocomposites before 2010. Recently, due to the rapid 
development of graphene in material science, toughening of 
polymer by graphene has been explored and reported in some 
publications. Table 1 lists the enhanced polymers in toughness 
by the incorporation of graphene or its derivates. The preparation 
methods, increase in toughness and the corresponding 
mechanisms are summarized in the table for comparison. 
In their work,25,29–32,38,43,44,47–50,52–55 fracture toughness, impact 
strength or integration of stress–strain curves are tested to show 
the enhancement effect, according to the nature of the polymer 
nanocomposites. It can be observed that graphene toughens 
thermoplastics, elastomers and thermosets at low filler loadings. 
The toughness of most polymer nanocomposites is increased 
Figure 1. A schematic diagram of SG preparation from graphite powder. Reproduced from Ref. 50 with the permission from Copyright 2012 
Elsevier. GO, graphene oxide; PSG, prereduced sulfonated graphene; RGO, reduced graphene oxide; SG, sulfonated graphene after reduction by 
hydrazine
Graphite
1. 98% H
2
SO
4
2. NaNO
3
3. KMnO
4
H
2
N
0−5°C 
SO
3
H
NaNO
2
HCl
HO
HOOC
NaBH4
1 h, 80°C
OH
GO
COOHOH
O
O
O
OH
RGO
HOOC
OH
OH
OH
O
COOH
SO
3
H
COOH
1. N
2
H
4
, H
2
O
SG
SO
3
H
SO
3
H
SO
3
H
COOH
SO
3
H
OH
OH
HOOC
SO
3
H
2. H
2
O
3. 24 h, 100°C
OH
OH
HOOC
PSG
OH
Nanomaterials and Energy
Volume 2 Issue NME5
Offprint provided courtesy of www.icevirtuallibrary.com
Author copy for personal use, not for distribution
268
Toughening of polymers by graphene
Wang and Song
Polymer
Filler 
type
Filler 
loading
Process for filler
Process for 
composite
Increase in 
toughness: %
Mechanism Ref.
PDMS SLG 1 wt% Thermal reduction In situ + shear 39a Bridging + filler 
fracture
30
GNPs 1 wt% Plasma exfoliation In situ + shear 15a Bridging 30
PU HO-G 2 wt% Hummers + reduction 
+ sonication
Solvent + 
sonication
47a Sacrificial bond 
rupture and hidden 
length release
31
GO 1 wt% Hummers + sonication Solvent 50a Change of cross-
linking degree
32
PBI Graphene 0·4 wt% Sonication + 
centrifugation
In situ 100a Bridging + crack 
deflection
43
GO 0·3 wt% Hummers + sonication 
+ centrifugation
Solvent 88a Plastic deformation 
+ pulling out
44
Nylon-12 GO 0·6 wt% Hummers + sonication Melt 72b Increase of γ-phase 
+ decrease of crystal 
size
47
Nylon-11 GO 0·3 wt% Hummers + sonication Melt 37b Crack restriction 48
GO 0·5 wt% Hummers + sonication In situ 52c Transition of crystal 
form
52
LDPE VTES-G 3 wt% Staudenmaier + 
reduction
Solvent 17·7a Enhanced 
interaction
49
PVA SG 3 wt% Hummers + reduction 
+ sulfonation
Solvent + 
sonication
235a Dendritic structure 50
Epoxy GO 0·1 wt% Hummers + sonication Solvent+ 
in situ
75b Crack restriction 38
GO 0·54 vol% Brodie + sonication Solvent + 
in situ
41b Crack restriction 54
RGO 0·1 wt% Thermal reduction Solvent + 
in situ
53b Crack restriction 25
RGO 0·125 wt% Thermal reduction Solvent + 
in situ
65b Crack restriction 53
RGO 0·2 wt% Thermal reduction Solvent + ball 
mill + in situ
52b Crack bridging 
+ debonding/
delamination
29
NH2-G 0·6 wt% Hummers + sonication 
+ isocyanation
Solvent + 
in situ
93·8a Crack restriction + 
flexible interphase
55
aCalculated by integrating stress–strain curves.
bFracture toughness (KIC).
cImpact strength.
GNPs, graphene nanoplatelets; GO, graphene oxide; HO-G, OH-functionalized graphene; LDPE, low-density polyethylene; NH2-G, NH2-functionalized 
graphene; PBI, polybenzimidazole; PDMS, polydimethylsiloxane; PU, polyurethane; PVA, poly(vinyl alcohol); RGO, reduction of GO; SG, sulfonated 
graphene; SLG, single-layer graphene; VTES-G, vinyl triethoxysilane–graphene.
Table 1. Toughness of graphene/polymer nanocomposites
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by up to twofold. Besides, graphene has been also reported to 
greatly improve the toughness of polymers in applications such 
as polyelectrolyte nanomembranes,45 polyvinyl acetate glue46 and 
polyacrylamide hydrogel.51 In this part, the authors will discuss 
some important issues that affect the enhancements in toughness. 
The possible toughening mechanisms are also analyzed.
4.1 Effect of graphene content
Graphene and its derivates are very efficient in toughening 
polymers at significant low loadings. The optimal content of 
graphene, however, varies in different polymer systems as shown 
in Table 1. The enhancement in toughness is highly dependent 
on the incorporated amount of graphene, as it could influence the 
dispersion, morphology and interactions within polymer matrix. 
Rafiq et al.47 investigated the effect of FG (oxygenated graphene) 
content on the fracture toughness of nylon-12. They found that 
the maximal improvement (72 %) was achieved with the addition 
of 0·6 wt% FG. According to the optical microscopy images 
shown in Figure 2, it can be revealed that the incorporation of 
FG caused an increase in the amount of γ-phase in semicrystalline 
nylon-12, indicating the nucleating ability of the FG. The average 
size of nylon crystals decreased in 0·6 wt% FG–incorporated 
nanocomposite. The decreased crystal size could benefit the 
toughness of nylon-12. However, with the addition of 1 and 3 wt% 
FG, the crystal size increased, which resulted in lower toughness. 
They also pointed out that the increasing content of FG caused 
deteriorated dispersion that brought about stress concentration and 
decreased energy dissipation ability. Therefore, excessive addition 
of FG reduced the fracture toughness of nylon-12.
In the recent study on SG toughening PVA,50 the PVA/SG 
composites show fibrillar, dentritic and rod-like structures 
(Figure  3) for SG1, SG3 and SG5 samples, respectively. The 
number represents weight per cent of SG. Obviously, the variations 
of SG content changed the morphology of nanofillers in the PVA 
matrix, and finally determined the enhancement in toughness. 
As shown in Figure 3, both SG1 and SG3 formed interlamellar 
and interfibrillar structure with PVA lamella. It resulted in a 
significant increase in the toughness by over 200%. By contrast, 
the SG sheets aggregated when the content of SG was 5  wt%. 
They could not enter into the interlamellar amorphous layer of 
PVA, making the value in the crystal and amorphous overlayer 
thickness unchanged, corresponding to unchanged toughness as 
pure PVA. The maximal enhancement in toughness was observed 
in SG3/PVA composite. For graphene toughening polymer, the 
incorporation of appropriate content of graphene could form a 
good dispersion and interactive network structure in the matrix. 
It could contribute to the increase in toughness. However, at 
higher graphene fraction, it is generally recognized that graphene 
sheets could agglomerate with poor dispersion quality, which 
is responsible for the decrease/disappearance of the toughness 
enhancements.38,53
Figure 2. Polarized optical microscopic images (a–d) of the nylon 
12 and its composites with 0·6, 1 and 3 wt% FG, respectively. FG, 
functionalized graphene. Reproduced from Ref. 47.
(a) (b)
(c) (d)20 µm
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4.2 Effect of graphene thickness 
(layer number) and size
Graphene is a single-atom thick sheet of hexagonally arranged, 
sp2-bonded carbon atoms. The thickness of the monolayer graphene 
is 0·34 nm. In practice, it is very difficult to achieve single-layer 
graphene (SLG) in the polymer matrix. Few-layer or multilayer 
graphene sheets are commonly used in composite science. The 
term ‘graphene’ used by researchers and manufacturers could refer 
to graphene that contains from several, even up, to hundreds of 
layers, which seems unscientific or contradictory. Layer number 
is a key variable in graphene science and technology, and should 
be specified accurately wherever possible. According to the recent 
recommended nomenclature for 2D carbon materials,82 ‘graphene’ 
is specified with regard to the layer number. The terms include 
graphene layer (one layer), bilayer graphene (two layers), trilayer 
graphene (three layers), few-layer graphene (two to five layers), 
multilayer graphene (two to ten layers) and graphite nanoplates 
(thickness < 100 nm). This nomenclature could better help us to 
understand the effect of graphene thickness on the properties of 
composites.
Xu et  al.30 investigated graphene/polydimethylsiloxane (PDMS) 
nanocomposites by incorporation of SLG and graphene 
nanoplatelets (GNPs; three to five layers), respectively. They 
found SLG showed a better improvement in the toughness of the 
polymer than GNPs at the same filler loading. From the SEM 
images of the fracture surface, it can be observed that the polymer 
was pulled out of the SLG filler before cracking of the filler. The 
failure mechanisms of SLG in PDMS seemed quite different from 
those of GNPs as indicated in Table 1. This result demonstrates 
the importance of the layer number in the toughness enhancement. 
Graphene with fewer layers could better benefit the toughness.
Recently, the authors fabricated a series of epoxy/GO 
nanocomposites by adding three different sizes of GO sheets, 
namely, GO-1, GO-2 and GO-3.38 Their thickness is about 1  nm 
Figure 3. Supramolecular organization of PVA and SG for (a) SG1 
(b) SG3 and (c) SG5 samples producing different morphologies. 
PVA, poly(vinyl alcohol); SG, sulfonated graphene. Reproduced from 
Ref. 50 with the permission from Copyright 2012 Elsevier
(b)
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Figure 4. Cumulative volume plotted against particle size of (a) GO-1, 
(b) GO-2 and (c) GO-3. GO, graphene oxide. Reproduced from Ref. 38
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Figure 5. KIC plotted against GO content for the epoxy 
nanocomposites. KIC, fracture toughness; GO, graphene oxide. 
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(two to five layers). The size distributions of the GO sheets are 
shown in Figure 4. The average size for GO-1, GO-2 and GO-3 
are 10·79, 1·72 and 0·70  µm, respectively. The different sized 
GOs show dramatically different effects on the fracture toughness 
of epoxy (Figure 5). The GO-3 with smaller sheet size (0·70 µm) 
brought about a lower stress concentration in the matrix, thus gave 
rise to better toughness reinforcement. However, Chatterjee et al.83 
believed large-size graphene nanoplatelets (thickness of 6–15 nm) 
could performed better. In a matter of fact, the GNPs they used were 
graphite nanoplates rather than few-layer graphene sheets. Hence, 
their result may be not applicable for graphene toughening polymer.
4.3 Effect of graphene states
As a nanosize material, graphene sheets are thermodynamically 
unstable in polymer matrix. The graphene sheets have a great 
tendency to agglomerate to reduce configurational entropy, 
particularly when the phase transition occurs during processing.38 
The actual thickness of the agglomerated graphene sheets in the 
matrix is always increased. The dispersion quality greatly depends 
on the preparation conditions such as temperature, mixing rate and 
viscosity, which could affect the state of graphene in composites. 
Tang et al.29 studied the effect of graphene (RGO) dispersion on 
the fracture toughness of epoxy resins. Different dispersions of 
RGO sheets in epoxy resin were prepared with and without ball 
mill mixing. It was found that the highly dispersed RGO resulted 
in a higher toughness improvement (52%), compared with 24% 
increase measured in the poorly dispersed RGO composite. On 
the basis of the observations on the fracture surface, the highly 
dispersed RGO showed much more tortuous and fine river-like 
structure that was able to consume energy when facture occurred.
Moreover, the graphene surface exhibits wrinkle like19,53,85 
rather than flattened texture as shown in Figure 6.84 The degree 
(wavelength and amplitude) of the wrinkles is related to the 
graphene size, preparation method and interfacial adhesion with the 
polymer chains. For instance, graphene with bigger size possesses 
large-size wrinkles.86 The graphene sheets prepared from thermal 
reduction are highly wrinkled. Also, the wrinkles are the main 
source that could pose bending, folding and twisting of graphene 
sheets.87 Thus, the surface roughness is significantly increased. The 
regularity and geometric continuity are reduced accordingly. The 
wrinkled surface texture of graphene could affect the mechanical 
properties of the composites. Rafiee et  al.53 suggested that the 
wrinkles improved mechanical interlocking and adhesion with the 
polymer matrix, which may be positive for graphene enhancement. 
However, the high wrinkled structure of graphene led to its low 
effective aspect ratio and resulted in changes of the effective 
performance in the polymer matrix.48 Shen et al.88 found that the 
wrinkles reduced the Young’s modulus of GO papers by 60% of 
the pristine value. It was very important to minimize the adverse 
effect of wrinkles to improve the stress transfer between graphene 
sheets and polymer matrix. According to our investigations,38 the 
presence of the wrinkles was believed to reduce the load-transfer 
efficiency in graphene sheets, and brought about serious local stress 
concentrations in the regions surrounding the fillers, corresponding 
to reduced toughness of the composites.
4.4 Effect of interfacial bonding
It has been wildly reported that the incorporation of graphene 
improves modulus, stiffness, hardness and thermal stability of 
polymers.3,6 These benefits mainly result from the enhanced 
interfacial adhesion that enables the transfer of the mechanical 
properties of graphene. The improvements are greatly dependent 
on the load-transfer efficiency. Therefore, it is necessary to 
investigate the effect of interfacial bonding on the toughness of 
polymers. Functionalization of graphene is a common step to 
achieve good interfacial bonding. Wang et  al.49 fabricated FG 
nanosheets with VTES. The VTES-G chemically interacted with 
LDPE molecules. Due to the strong interfacial bonding, the LDPE/
VTES-G composites showed enhanced toughness than neat LDPE. 
On the contrary, incorporation of graphene (non-functionalized) 
worsened the toughness of LDPE. The interfacial bonding seems 
critical in the toughness enhancement of LDPE. Zaman et  al.89 
found that the addition of m-GP significantly increased the fracture 
toughness of epoxy at high filler loadings, owing to high interface 
strength. At low filler fractions, the unmodified graphene, however, 
provided better enhancements in toughness than m-GP. Moreover, 
unmodified graphene has been also reported could toughen other 
polymer systems.30,43 Therefore, the influence of the interfacial 
bonding on the toughness of composites may depend on the type 
of polymer and the corresponding mechanism. A strong interfacial 
adhesion could be essential in thermoplastic nanocomposites. For 
thermosets such as epoxy resins, the enhanced bonding between 
molecules and functional groups on graphene always increases the 
cross-link density in the area close to the fillers, and confines the 
interfacial chains by restricting their motions. The glass transition 
Figure 6. TEM image of graphene. TEM, transmission electron 
microscropy. Reproduced from Ref. 84 with the permission from 
Copyright 2012 Elsevier
200 nm
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temperature (T
g
) of the composites is increased. Theoretically, 
it would be negative for toughness. Nevertheless, significant 
improvements in toughness have been reported in FG/epoxy system. 
Fang et al.55 constructed flexible interphase structure between epoxy 
and graphene, where the cross-link density was lower than the bulk. 
The T
g
 was decreased compared with pure epoxy. The increase in 
toughness is in fact comparable to the FG/epoxy systems with rigid 
interfacial bonding as shown in Table  1. The interfacial bonding 
may not be the key factor in graphene toughening thermosets, as the 
mechanism indicates the importance of the 2D nature of graphene 
that effectively resists the crack propagation. More experiments 
need to be carried out to reveal the effect of interphase on toughness 
of polymers in the future.
4.5 Graphene toughening epoxy
Epoxy resins are the most important thermosets in industry for 
various applications.90 They possess excellent mechanical properties 
due to high cross-linked structure. However, it always results in poor 
fracture toughness that limits their utilizations in high-performance 
areas. Compared with other polymeric systems, epoxy resins have 
been well studied recently in terms of toughness enhancement 
and mechanism, although they are still matters of debate. Epoxy 
resins have been reported to be successfully toughened by 
nanofillers such as metallic oxide (aluminum oxide and titanium 
oxide),91 nanosilica,92 clay,93 CB,94 CNTs95 and graphene.38,53,55 The 
optimal loadings of the nanofillers for toughness improvement are 
summarized in Table 2. It can be observed that graphene toughens 
epoxy resins at very low loading. To achieve comparable increase 
in toughness, the required weight fraction of other nanofillers in 
epoxy ranges from several folds to 100-fold larger than graphene. 
As a 2D nanofiller with high aspect ratio, graphene based materials 
are superior to other fillers according to Faber and Evans crack 
deflection modeling.96 This theory indicates that the tilting of crack 
front acts as a very important toughening rule for circular plate 
shaped particles. On the contrary, neither the sphere-shaped nor 
the rod-shaped particles derive noticeable toughening from the 
crack tilting process. According to the reported experimental and 
theoretical work, graphene could be the most efficient nanofillers 
in toughening epoxy resins.
The fact that graphene toughens epoxy resins by restriction of the 
crack propagation is regarded as main toughening mechanism. 
The evidence has been provided by researchers based on plenty of 
fractography analysis of the composites. Figure 7 shows the optical 
microscopic images of the fracture surface for the pure resin and 
its nanocomposites with increasing amount of GO.38 It can be seen 
that the cracks grow in the direction of crack propagation for the 
pure epoxy. By addition of GO sheets, the development of cracks is 
effectively disturbed. In particular, the number of the cracks increases, 
but the average size of the cracks reduces as the GO content increases. 
Meanwhile, massive subcracks are induced in the fracture surface 
of the nanocomposites. This sufficiently demonstrates the role of 
graphene in toughening epoxy. The crack propagation is deflected, 
tilted or suppressed due to the presence of 2D structured graphene 
sheets. The breakdown of propagating cracks certainly reduce 
local applied stress, thus contributes to the resistance of fracture. 
Accordingly, this is one of the main reasons for the improvement of 
the fracture toughness. Other mechanisms such as crack bridging, 
debonding and delamination have been also reported.29
Nanofiller 
in epoxy 
matrix
Filler loading: 
wt%
Increase in fracture 
toughness: %
Ref.
Aluminum 
oxide
5 65 91
Titanium 
oxide
10 65 91
Nanosilica 14·8 62 92
Nanoclay 2·5 78 93
CB 3 23 94
CNTs 0·5 43 95
GO 0·1 75 38
RGO 0·125 65 53
NH2-G 0·6 93·8 55
CB, carbon black; CNTs, carbon nanotubes; GO, graphene oxide; 
NH2-G, NH2-functionalized graphene; RGO, reduction of GO.
Table 2. Comparison of reinforcement efficiency in nanofiller 
toughening epoxy
Figure 7. Optical microscopic images of crack propagation on the 
fracture surfaces (whitening zone) for (a) the pure epoxy and its 
nanocomposites with (b) 0·05 wt% GO, (c) 0·1 wt% GO and (d) 0·3 
wt% GO. GO, graphene oxide. Reprodcued from Ref. 38
(a)
500 µm
(b)
(c) (d)
500 µm
500 µm 500 µm
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5. Conclusion and remarks
Graphene and its derivates are very promising carbon nanofillers 
that can improve the electrical, thermal and mechanical properties 
of polymers at extremely low loadings. Compared with other 
conventional nanofillers, such as clay, CB and CNTs, graphene 
may be preferred due to its high aspect ratio, surface area, 
electrical conductivity, thermal stability and thermal conductivity. 
Its advantages over other fillers have been reported. However, their 
potential in reinforcing polymers is not fully revealed. Graphene 
toughening polymers is one of the most important issues in its 
applications in composite science. Graphene can be synthesized 
by CVD, epitaxial growth, exfoliation of graphite and chemical or 
thermal reduction methods. The first three methods can produce 
high-quality graphene but limited quantity, while the reduction 
method is suitable for large-scale production of reinforcements for 
polymer composites. Functionalization of graphene is regarded as 
an efficient step to improve the dispersion in polymeric matrices 
and achieve enhanced interfacial adhesion. Solvent mixing, melt 
compounding and in situ polymerization are the common methods 
for the preparation of graphene/polymer nanocomposites. 
Incorporation of graphene shows significant improvement in the 
polymer toughness, according to the reported work. Graphene 
content, layer number, size, state and its interfacial bonding with 
matrix greatly affect the toughness reinforcement.
The loading fraction of graphene influences the enhancement 
of toughness, as it relates to the morphology and dispersion of 
graphene in polymers. The optimal content of graphene, however, 
varies in different polymer systems. Excessive incorporation of 
graphene always causes agglomeration with reduced dispersion 
quality that is negative for toughness. By the addition of 0·6 w% GO, 
the amount of γ-phase of nylon-12 increased with decreased crystal 
size, which directly contributed to the toughness improvement. The 
morphology of graphene in PVA varied dramatically at different 
filler loadings. Incorporation of 1 wt% SG showed dentritic 
structure that resulted in the best enhancement. Furthermore, SLG 
was proved better than few-layer graphene sheets in toughening 
PDMS. The failure mechanisms in the two composite systems 
were quite different. The size effect was also revealed based on 
graphene/epoxy composites. Graphene with smaller sheet size gave 
a better reinforcement effect on toughness. These results are useful 
to guild the further development of graphene toughening polymers. 
However, more experiments should be carried out based on a wide 
range of polymeric systems, in order to fully understand the effects 
of the content, thickness and size of graphene on the property. 
Besides, analytical modeling could be an effective approach to 
reveal the correlations between these graphene parameters and 
toughness. Such models have been discussed by Zhao and Hoa.97 
Since these parameters are controllable in processing, it makes the 
modeling results valuable to guild experimental strategies.
The enhancement in toughness also relates to the states of graphene 
in the polymeric matrix. Unlike the parameters discussed above, 
the states of graphene such as orientation, dispersion and wrinkling 
degree in composite are difficult to control. Thus, the modeling 
on these aspects may be less effective when applies to practical 
fabrication and characterization of composites. It has been reported 
that highly dispersed graphene resulted in a higher toughness 
improvement than that of poorly dispersed graphene composite. 
Sonication and mechanical mixing (ball mill) can be utilized to 
improve the dispersion quality. More smart fabricating techniques 
will be also required. The wrinkle-like surface of graphene 
could affect the mechanical properties of composites. However, 
the understanding of the effect of wrinkles is still in debate. 
Some reports suggested that the wrinkles improved mechanical 
interlocking and adhesion with the polymer matrix, which was 
positive for reinforcement. On the contrary, the winkles were 
found could significantly reduce the modulus of the pristine value 
of graphene. The authors believe that the wrinkled structure leads 
to low effective aspect ratio. It could reduce load-transfer efficiency 
and bring about serious stress concentrations, corresponding 
to reduced toughness. Therefore, flatten the wrinkles and fully 
utilize the inherently properties of graphene is important. A proper 
preparation method of graphene is critical in controlling the degree 
of wrinkles. A few practical methods have been suggested to flatten 
wrinkles such as improving inter-sheet interaction by chemical 
cross-linking of GO sheets.98,99
Adhesion is another important factor in designing composite 
materials. Strong interfacial bonding is always required to 
realize the superior mechanics of nanofillers to the polymer 
matrix. In graphene toughening polymers, the effect of the 
interfacial bonding on toughness is ambiguous with very 
limited experimental evidence. The influences could depend 
on the type of polymer and its mechanism. A strong interfacial 
adhesion could be essential in thermoplastic nanocomposites. 
For thermosets, the interfacial bonding may not be the key factor 
in toughness enhancement according to the crack restriction 
mechanism. More comparative studies and modeling work are 
necessary to investigate this effect.
Graphene toughening epoxy resins has been well studied, 
compared with other polymeric systems. The main mechanism 
was established that crack propagation is deflected, tilted or 
suppressed due to the presence of 2D graphene sheets. Graphene 
is the most efficient nanofillers in toughening epoxy. However, the 
understanding of toughening mechanisms responsible for other 
graphene/polymer composites is insufficient, which also needs 
further explorations.
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